A B S T R A C T The formation of human fibrin from fibrinogen has been examined by polyacrylamide gel electrophoresis in sodium dodecyl sulfate, a method which separates a mixture of proteins on the basis of differences in molecular weight. It has been found that the plasma from a patient with a congenital deficiency of fibrin-stabilizing factor forms clots lacking the cross links among the a-and av-chains found in normal, crosslinked human fibrin. The addition of purified fibrinstabilizing factor or normal plasma to the deficient plasma results in extensive cross-linking of the chains. Thus, the fibrinogen in the fibrin-stabilizing factor deficient plasma appears to be normal and forms fibrin which contains dimeric, cross-linked 'v-chains and polymeric, high molecular weight forms of a-chains. By the use of these electrophoretic methods, it has also been possible to develop a highly sensitive method for measuring the content of fibrin-stabilizing factor in plasma. This method depends upon the use of urea-treated fibrinogen, which is completely devoid of fibrin-stabilizing factor, but which forms the usual cross-linked subunits after conversion to fibrin by thrombin in the presence of fibrin-stabilizing factor.
INTRODUCTION
In 1944, Robbins observed that a serum factor promoted the formation of fibrin which was insoluble in di-dude unequivocally the possibility of very small amounts of cross-links between a-and av-chains.
We wish to report here further studies on the crosslinking of human fibrin by FSF, including a description of a highly sensitive method for the detection of FSF in human plasma. It has been found that fibrin from a patient with FSF deficiency contains neither -y-dimer, a-polymer, nor chains with abnormal crosslinks. When an exogenous source of FSF is added to the deficient plasma, normal cross-linking occurs. Furthermore, it has been found that electrophoresis on polyacrylamide gels in sodium dodecyl sulfate can be applied not only to examine the subunit structure of fibrinogen and fibrin as reported earlier (10) , but also specifically to detect small amounts of FSF in plasma when urea-treated fibrinogen is used as a substrate. These techniques make it possible to examine a patient's fibrin formed from whole plasma without the necessity of purifying the patient's fibrinogen. This methodology is extremely simple and may be adopted readily by any laboratory which is equipped to run polyacrylamide gels.
METHODS
Reagents. Analytical grade reagents were used throughout unless stated otherwise. A stock solution of bovine thrombin (Upjohn Co., Kalamazoo, Mich.; 13 NIH U/ absorbancy unit at 280 nm) was prepared by dissolving 1000 U in 2 ml of glycerol: 0.15 M potassium chloride (60: 40, v: v) and stored at -20'C for up to 3 wk. Prior to use, the stock solution was diluted to 50 U per ml with 0.15 M potassium chloride containing 0.2 M calcium chloride. This is the thrombin-calcium solution referred to throughout the text when fibrinogen is converted to fibrin. Factor XIII was purified using Kazama and Langdell's (11) modifications of the method of Loewy, Dunathan, Kriel, and Wolfinger (12) . The specific activity of the material prepared by us was 6000-fold greater than that of pooled normal plasma when tested by the method of Loewy et al. (12) on urea-treated fibrinogen.
Fibrinogen purification and inactivation of FSF. Purified normal human fibrinogen (97%o clottable) was prepared by the method of Blomback and Blomback (13) from fresh frozen plasma. Fibrinogen, purified by this method through the I-4 step, contained a substantial amount of FSF activity. Because such fibrinogen preparations were unsuitable as a substrate in FSF assays, two different methods (14-16), which have been described earlier, were used to inactivate FSF in fibrinogen. These were performed as follows: (a) Human fibrinogen (fraction I-4 of Blomback [13] ) was dissolved in 0.15 M ammonium acetate buffer, pH 7.4, to a final concentration of 0.5%o and mixed with an equal volume of 0.01 M p-chloromercuribenzoate (PCMB) which was prepared by diluting with water from a stock solution of 0.6 M PCMB in 0.05 M potassium hydroxide. The mixture was stirred at room temperature in the dark for 1 hr and then dialyzed for 24 hr at 4VC against four changes in 150 vol of 0.15 M ammonium acetate buffer, (pH 7.4). 1 ml portions were stored at -20'C. (b) Lyophilized human fibrinogen (fraction I-4 of Blomback (13) ) was dissolved in 3.3 M urea in 0.1 M sodium phosphate buffer, pH 7.4, to give a final concentration of 2 mg/ml. This solution was kept at room temperature without stirring for 12 hr and then dialyzed twice for 4 hr against 1000 vol of 0.3 M NaCl. The fibrinogen solution was then divided into portions and stored frozen at -20'C.
FSF-deficient plasma. This plasma was from a patient congenitally deficient in FSF who was studied originally by Barry and Delage (17) . We wish to thank Dr. R. G. Mason (Department of Pathology, University of North Carolina) for the generous gift of this plasma.
Normal human plasma. Nine parts of blood were drawn by venepuncture into one part of 3.5% sodium citrate and then centrifuged at 3500 X g at 4VC for 30 min. The plasma was stored in portions at -20'C.
Fibrin formation. Unless stated otherwise, fibrin was formed as follows: A thrombin-calcium solution (0.01 ml) was added to 0.1 ml plasma or fibrinogen solution (2 mg/ ml, 0.15 M ammonium acetate buffer, pH 7.4) contained in 13 X 75 mm test tubes. If exogenous FSF was to be included in the clotting mixture, it was added to the fibrinogen solution before the addition of the thrombin-calcium mixture. Clotting was always visible in either plasma or fibrinogen solutions within 5-10 sec after addition of the thrombin-calcium mixture. In those experiments where plasma was clotted by addition of calcium, visible clotting occurred within 4-6 min. The fibrin clots were allowed to form at room temperature for 2 hr unless indicated otherwise. The-tube containing the fibrin was then filled with 0.15 M NaCl, and the fibrin removed with a metal spatula and blotted on Whatman No. 1 filter paper to remove as much fluid as possible. The fibrin was then dissolved in 0.3 ml solution of 9 M urea containing 3% sodium dodecyl sulfate and 3% mercaptoethanol in 0.04 M sodium phosphate buffer, pH 7.1. The fibrin dissolved in this denaturing solution within 12 hr at 370C and the final fibrin concentration in the resulting solution was 0.5-0.7 mg/ml. Portions (0.015 ml) of this solution were added to 0.005 ml of 0.05% bromophenol blue and subjected to electrophoresis as described below. It should be noted that all disulfide bonds in fibrinogen and fibrin were reduced under these conditions and remained so during electrophoresis as evidenced by the fact that fully reduced and carboxymethylated fibrinogen and fibrin gave electrophoretic patterns identical with those obtained under the above conditions. Solubility assays. 2% acetic acid, 6 M urea, and 6 M guanidine hydrochloride were used as dispersing media in assays for insoluble fibrin formation. The 2% acetic acid proved satisfactory for routine use and was added in the arbitrary ratio of 1 ml for each 0.1 mg of fibrin. Fibrin solubility was then observed for 18 hr, although in accord with Tyler (18) , no difference in solubility was found on incubation beyond 1 hr.
Electrophoresis. The technique of polyacrylamide gel electrophoresis in sodium dodecyl sulfate (SDS) was similar to techniques described earlier (19, 20) . The application of this method to the structural studies of both fibrinogen and fibrin has been previously reported (10, 21) . It should be noted that in the present study both 57o and 7.5% polyacrylamide gels were used. Molecular weight determinations in the range of 47,000-100,000 were performed on 5% gels according to the method of Weber and Osborn (19) . However, it was found that sharper resolution of protein bands could be obtained by using 7.5% gels prepared as usual except that the final polymerizing solution contained 4% of 0.5 M EDTA and 60% of 10 M urea. Both the 5%o and 7.5% gels were allowed to polymerize for at least 1 hr before use. The electrophoresis buffer consisted of 0.1% SDS Fibrin-Stabilizing Factor and Fibrin Structure 1507 in 0.1 M sodium phosphate buffer, pH 7.1, containing 0.02 M EDTA. All electrophoreses were performed at 20'-25'C at a constant current of 5 ma per tube until the bromophenol blue marker dye had migrated to about 1 cm of the gel bottom. The gels were stained with Coomassie blue and destained in acetic acid: methanol: distilled water as previously reported (10) .
The amounts of each of the protein bands on the gels were measured by scanning the destained gels in a Gilford Linear Transport system (Gilford Instrument Co., Oberlin, Ohio) connected to a Beckman DU recording spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.). The areas under each peak were determined by planimetry.
RESULTS
Fibrin from normal plasma. Fig. 1 shows the SDSgel electrophoretic patterns of reduced purified human fibrinogen ( Fig. 1 a) , noncross-linked fibrin ( Fig. 1 b) , partially cross-linked fibrin ( Fig. 1 c) , and cross-linked normal fibrin ( Fig. 1 d) . The reduced, completely noncross-linked soluble fibrin ( Fig. 1 b) was formed by clotting 0.1 ml of normal plasma in the presence of 0.1 ml of 0.5 M EDTA with 0.5 U of thrombin. The three major bands in soluble fibrin correspond to the a-, fi-, and v-chains of purified fibrinogen. The a-chain in both fibrinogen and noncross-linked fibrin has a major component and two minor components, in accord with our earlier findings and those of other investigators (10, 21, 22) .
Incompletely cross-linked fibrin is shown for comparison in Fig. 1 c. This fibrin was formed by mixing 0.01 ml of a thrombin-calcium solution with 0.1 ml of 2,"UBUN IT go:-polymer ---a DI C normal plasma, and after 40 sec, suspending the clot in 3 ml of 0.15 M NaCl. After washing for 20-30 sec in the NaCl, the fibrin was blotted and dissolved in a solution of 9 M urea, containing 3% sodium dodecyl sulfate and 3% mercaptoethanol in 0.04 M sodium phosphate buffer, pH 7.1. Compared to noncross-linked fibrin, the a-chains are present in smaller amounts whereas the f-chain is unchanged. The a-chain has disappeared and a new band of somewhat lower mobility than a-chain has appeared. This new band has been shown to be the 'v-dimer, which is formed on cross-linking two 'v-chains.
Several faint, but distinct species of higher molecular weight than the 'v-dimer are also noted. Fig. 1 d shows the pattern for reduced, completely cross-linked fibrin which was formed by mixing 0.01 ml of a thrombincalcium solution with 0.1 ml of normal plasma and incubating the mixture for 2 hr. The three darkest staining bands observed have been shown to be the P monomer, the '-dimer, and the polymer of a-chain (a-polymer), which remains at the top of the gel (10) . A less intensely staining band of mobility intermediate between that of the a-chain and f-chain is also noted. Presumably this band is derived from the a-chain but its exact relationship to the minor a-chain components remains unclear. Several faint, but distinct bands are noted with a mobility greater than that of a-polymer but less than that of 'v-dimer, just as in partially cross-linked fibrin.
Fibrin from FSF-deficient plasma. Fibrin was formed by incubating 0.1 ml of a FSF-deficient plasma with 0.1 ml of 0.5 M EDTA containing 0.5 U of thrombin for 2 hr at room temperature. The fibrin was then reduced with 3% mercaptoethanol containing 9 M urea and 3% sodium dodecyl sulfate in 0.04 M phosphate buffer, pH 7.1, and analyzed by gel electrophoresis. Fig. 1 e shows that the electrophoretic pattern is essentially identical with that given by reduced, normal noncrosslinked fibrin (Fig. 1 b) . Fig. 1 f shows the pattern for fibrin prepared by allowing 0.1 ml of FSF-deficient plasma to clot for 2 hr after mixing with 0.1 ml of a thrombin-calcium solution. The mobilities of the a-, f8-and av-bands are unchanged from those shown in Fig. 1 e.
Except for a barely visible band in the -y-dimer region and three very faint higher molecular weight bands there is no evidence of cross-linking. It must be emphasied that these trace amounts of higher molecular weight species were not caused by FSF-contamination of thrombin because similar bands were observed after recalcification only. It should be noted that the a region in Fig.  1 e shows a major and two very faint minor bands. In Fig. 1if , however, a darkly staining band is noted with a mobility between that of a-chain and ,8-chain. This band may be identical with the band of a similar mobility noted in completely cross-linked fibrin (Fig.  1 d) .
The fibrinogen in the FSF-deficient plasma could be cross-linked by the addition of either normal plasma or serum, as shown in Fig. 2 . Fig. 2 a shows the pattern for reduced fibrin formed by recalcifying FSF-deficient plasma. Figs. 2 b-2 e show that small amounts of normal plasma or serum provided sufficient amounts of FSF to form the y-dimer and traces of high molecular weight polymers in the fibrin formed in FSF-deficient plasma. Although the amount of cross-linking clearly increased with the quantity of normal plasma or serum added before clotting the FSF-deficient plasma, it should be noted that 0.1 ml of normal serum caused less crosslinking than 0.01 ml of normal plasma. Fig. 2f shows that cysteine, which increases FSF reactivity, did not cause cross-linking when added before recalcifying the FSF-deficient plasma. Fig. 3 illustrates that the addition of as little as 4 sag of highly purified FSF to 100 l of FSF-deficient plasma resulted in a pattern of cross-linking indistinguishable from that of fibrin from normal plasma after 2 hr. Inactivation of FSF by p-chloromercuribenzoate (PCMB) and N-ethylmaleimide (NEM). The fibrinogen in fraction I-4 of Blomback (13) contains varying but significant amounts of FSF, since the fibrin formed from this fibrinogen is usually insoluble in dilute acetic acid or urea and shows extensive cross-linking on SDSgel electrophoresis (Fig. 4 a) .
Because FSF is inactivated by sulfhydryl reagents (3, 16) , and sulfhydryl groups are absent in fibrinogen (23), Swigert, Koppel, and Oliver proposed using PCMB-treated fibrinogen as the substrate in assays for FSF (14) . When purified fibrinogen (fraction I-4) that had been reacted with PCMB was clotted by thrombincalcium for 2 hr, the fibrin was completely soluble in 2% acetic acid within 5 min. If solubility was the sole criterion, the ence or absence of FSF activity appeared satisfactory, since only soluble fibrin was formed when FSF-deficient plasma was added to the fibrinogen treated with PCMB, and insoluble fibrin formed when normal plasma was added. SDS-gel electrophoresis showed, however, that fibrin from PCMB-treated fibrinogen in the presence of either normal or FSF-deficient plasma contained significant amounts of v-dimer and higher molecular weight polymers. As expected, the cross-linking was more complete when normal plasma was used. This is most likely explained by reversal of the PCMB inactivation of FSF by the large number of free thiol groups in normal or FSF-deficient plasma (24) . It was impossible to remove substances containing sulfhydryl groups, from normal and FSF-deficient plasma by dialysis, since dialyzed preparations caused cross-linking, although to a lesser extent than before dialysis. Furthermore, the supernatant solution from boiled, normal, and FSF-deficient plasma still caused small amounts of v-dimer formation. Finally, when cysteine alone was added before clotting the fibrinogen, which had been treated with PCMB, insoluble, cross-linked fibrin was formed readily.
Because sulfhydsyl groups can be regenerated from fibrinogen treated with PCMB, N-ethylmaleimide (NEM), which reacts irreversibly with thiol groups, was tested as a means for inactivation of the FSF in fibrinogen preparations (25) . A Inactivation of FSF by urea. When urea-treated fibrinogen was reacted with thrombin, fibrin began forming within 10 sec. The fibrin formed after 2 hr dissolved within 20 sec in 10 times its volume of 2% acetic acid. Electrophoresis of this fibrin showed only a-, P-, and 8v-chains and a slight trace of a band in the -i-dimer region (Fig. 4 b) . When a mixture of 0.01 ml of normal plasma and 0.1 ml of urea-treated fibrinogen (2 mg/ml) was reacted with a thrombin-calcium solution for 2 hr, the resulting fibrin was devoid of -monomer which had been completely converted to the 'v-dimer (Fig. 4 c) . The addition of 2 tg of FSF to 200 i-g of urea-treated fibrinogen resulted in extensive cross-linking (Fig. 4 d) . However, when FSF-deficient plasma was added to the urea-treated fibrinogen, no cross-linking occurred (Fig.  4 e) . Fig. 5 shows the relationship between the solubility of fibrin and its content of 'v-dimer and high molecular weight polymers. In these experiments, serial dilutions of normal plasma were added to a constant volume of urea-treated fibrinogen (1.5 mg/ml) so that the final concentration of FSF ranged from 1/27 to 1/6912 that of normal plasma. Each of these mixtures was clotted by the thrombin-calcium solution for 2 hr, and the resulting clot reduced and analyzed electrophoretically. The stained gels were scanned and the area beneath each peak quantitated by planimetry. The extent of '-dimer formation was expressed as a percentage of the total area under the peaks corresponding to '-ychain plus the 'v-dimer. Fibrin containing 26% or less of the '-ychain in the form of 'v-dimer was completely soluble in 2% acetic acid within 1 hr. When 58% of the '-chain had been cross-linked to give the '-dimer, the fibrin was no longer completely soluble. From these data it was estimated that the amount of FSF in approximately 0.01 ml of plasma will cause 100% dimerization of the '-chains in 1.0 mg of fibrinogen in 2 hr. Fig. 5 cur in fibrin formed in FSF-deficient plasma. However, if normal plasma, normal serum, or highly purified FSF is added to the FSF-deficient plasma, both y-dimerization and a-polymerization proceed at rates similar to those for normal fibrin formation. Under the experimental conditions described here, the y-chains are crosslinked completely during the first minute or two of fibrin formation whereas the a-chain is cross-linked during the next 1-2 hr.
Treatment of fibrinogen with urea proved to be an excellent means for inactivating the FSF which contaminates most fibrinogen preparations. It should be noted that fibrinogen used in these studies was prepared from fresh-frozen plasma. Presumably, FSF is selectively and irreversibly denatured by exposure to 3.3 M urea while the tertiary structure of fibrinogen is sufficiently unaffected so that y-chain as well as a-chain cross-links can form in response to exogenous FSF.
The polypeptide chains in urea-treated fibrinogen do not cross-link when treated with thrombin and calcium in the presence or absence of cysteine, and the fibrin formed dissolves in 2% acetic acid within 20 sec. If a small amount of normal plasma, normal serum, or purified FSF was added to urea-treated fibrinogen, the resulting fibrin after reaction with thrombin is not only insoluble in 2% acetic acid but also shows y-and a-chain crosslinks.
It is to be emphasized that treatment of fibrinogen with PCMB is an unsatisfactory method for preparing fibrinogen completely free of FSF activity, because PCMB inactivation is easily reversed by extraneous sulfhydryl groups. For this reason PCMB-treated fibrinogen is not the optimal substrate when assaying plasma or tissue fluid since reactivation of PCMB-inactivated FSF by sulfhydryl groups could be mistaken for low levels of FSF activity (26) .
The studies described here also reinforce previous notions that minute amounts of FSF cross-link large quantities of fibrinogen (3, 27, 28) . Experiments in which urea-treated fibrinogen served as substrate, suggest that when the plasma FSF level is as little as 1% of normal, the cross-linkage of Y-chains is complete within 2 hr although the cross-linkage of a-chains is incomplete. However, fibrin formed under these conditions is completely insoluble in acetic acid and urea when judged visually at 18 hr. The data in Fig. 5 also show that completely soluble fibrin may still contain a significant amount of cross-linked y-chains and that completely insoluble fibrin may contain very low amounts of cross-linked a-chains. It is important to emphasize that despite this situation, the usual observation of fibrin solubility in 2% acetic acid or 5 M urea is a satisfactory screening method for detecting FSF deficiency. It must be kept in mind, however, that completely insoluble clots may be formed in plasma with very low levels of FSF. Thus, the only method for demonstrating FSF levels lower than those detected by solubility assays is fibrin analysis on SDS-polyacrylamide gel electrophoresis.
Fibrin clots formed in the absence of calcium or in the presence of FSF inhibitors show a greater susceptibility to fibrinolysis than fibrin clots which are formed in the presence of active FSF (29) (30) (31) . Gormsen, Fletcher, Alkjaersig, and Sherry found that insoluble clots tended to be more resistant to fibrinolysis than soluble clots but demonstrated only a limited correlation between decreasing clot solubility and resistance to fibrinolysis (31) . Most striking was the observation that some insoluble clots were resistant to fibrinolysis while others were just as susceptible as completely soluble clots. Although the methodology used by Gormsen et al. differed from ours, it might be posible to explain their observation on the basis of the studies presented here as well as those reported earlier (10) . Fibrin clots become insoluble when dimerization of y-chains is complete (Fig. 5) ; however, even after the clot becomes insoluble, cross-linking of the a-chains continues for about 90 min. It seems likely, therefore, that the extent of cross-linking of the a-chain may make the fibrin clot more resistant to plasmin. This hypothesis, which is now being tested (32), may be of clinical interest because some patients with congenital FSF deficiency manifest a characteristic delayed hemorrhage after trauma (33) that could be due to an increased susceptibility of clots to fibrinolysis (29) .
The SDS-gel electrophoretic method of fibrin analysis requires extremely small amounts of material and can be readily performed in any laboratory. Besides its usefulness in unequivocally verifying the diagnosis of FSF deficiency, the electrophoretic methods should be of value in the future in determining if all patients with congenital FSF deficiency are completely lacking FSF activity. When gel scanning equipment is available, the amount of FSF in plasma can be quantitated by determining the serial dilutions of test and normal plasma which cross-link 50% of the y-chain. These methods are also potentially useful in detecting abnormalities of fibrin formation (34-36) which might include rapid crosslinking of a-or y-chains, a slow, but otherwise normal cross-linking of the chains, a partial cross-linking of either a-or a-chains, incorrect cross-linking of the chains or the complete absence of cross-linking. For example, the methods used here should be able to establish with certainty whether the bleeding defect in the family reported by Hampton, Cunningham, and Bird is due to deficient FSF activity as initially proposed (37) , or to an abnormal fibrinogen which does not cross-link, as suggested more recently (35) .
